We have investigated visible light diffraction on honeycomb arrays of aligned carbon nanotubes grown on nickel nanoparticles prepared using the nanosphere lithography. A monolayer of 980 nm polystyrene spheres was used as the mask for the deposition of nickel nanoparticles from which carbon nanotubes of 100 nm in diameter and up to a couple of microns in length were grown. We show that a standard theory of diffraction from point scatterers explains all the observed diffraction features including Bragg's law and the strong enhancement of the second and fifth order diffraction spots.
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Carbon nanotubes grown by plasma enhanced chemical vapor deposition ͑PECVD͒ form arrays of aligned metallic nanorods on a given substrate.
1,2 These nanostructures exhibit many interesting electronic and optical properties. It was recently reported that each carbon nanotube acts as an antenna, capable of receiving and transmitting light, like their radio counterparts. 3, 4 It was also reported that periodic arrays of nanotubes diffract light, 5 behave as polaritonic crystals with formation of polaritonic and photonic band gaps, 6 and may possibly exhibit the property of negative refraction. 7, 8 Thus, a detailed understanding of the optical properties of such arrays is important, and may lead to various applications ͑switches, superlenses, etc.͒. In this letter, we investigate in detail the diffraction of light on a periodic ͑honeycomb͒ array of carbon nanotubes using spectroscopy in the visible frequency range. We show that the behavior is fully explainable in terms of a simple diffraction theory, and that the structure factor dominates the behavior leading to the suppression of the single antenna effects in these periodic arrays.
It has been demonstrated that large area periodic arrays of well-aligned carbon nanotubes can be fabricated inexpensively on arrays of Ni nanoparticles made using nanosphere lithography ͑NSL͒. 5, 9 This technique utilizes submicron polymer beads, hexagonally self-assembled into a monolayer on a given substrate. 10 It can subsequently be used as a lithographic mask for evaporation of various materials. In this work, Ni was used, since it is a well-known catalyst for the growth of carbon nanotubes. Details of this technique are given in Ref. 11 . Here, briefly, we used 980 nm polystyrene ͑PS͒ spheres, purchased from Microparticles GmbH ͑Ger-many͒ in an 8% aqueous suspension, which was then mixed with ethanol in 2:1 ratio ͑sphere solution:ethanol͒. Polystyrene colloidal particles can be supported on water via surface tension forces. Therefore, a careful deposition of these colloidal particles onto a water surface is crucial for obtaining a highly ordered monolayer. These particles were deposited onto a surface of de-ionized water as a single layer, and consolidated into a stable mask by addition of dodecylsodiumsulfate ͑SDS͒ solution. Subsequently, masks were deposited on desired silicon substrates, and then used for an e-beam evaporation of Ni. A honeycomb lattice of quasitriangular particles is formed when the evaporated catalyst contacts the substrate through the apertures in the hexagonally packed microsphere array as shown in Fig. 1͑a͒ . The triangular particles are exposed after removal of the PS spheres using tetrahydrofuran or toluene. Large samples of 1 in. or more in diameter can be made using our technique. For the diffraction experiments, smaller samples typically measuring 1 cm 2 were used. Carbon nanotube arrays were grown using PECVD.
1,9
Samples were first loaded into a bell jar chamber, which was then pumped down to 10 −2 Torr. Next, ammonia gas ͑NH 3 ͒ was introduced as a plasma enhancer and growth promoter, and when the pressure of about 5 -10 Torr was reached, a high voltage was applied between the sample stage and the counterelectrode to generate plasma. The plasma was maintained at about 500 V and 0.2-0.4 A. After stable plasma conditions were obtained, acetylene gas ͑C 2 H 2 ͒ was introduced in order to start the growth process. Details of the growth technique were reported in Ref. 9 . The resulting periodic arrays were of good quality, as shown in Fig. 2 .
Optical properties of periodic carbon nanotube arrays were investigated using the Ocean Optics USB2000 optical spectrometer. It uses a bifurcated probe with UV/visible high OH optical fibers with manufacturer stated wavelength response of 300-1200 nm. 12 The 1 mm diameter fibers have a pure silica core with doped fused silica cladding and an acrylate buffer. The probe consists of a central optical fiber that emits white light and is surrounded by a series of collection optical fibers that is fed into the Ocean Optics spectrometer. The bifurcated probe thus emits the white light while simultaneously measuring the spectrum of light that is directly returned toward the white light source. The samples were mounted on a rotating stage allowing the proper orientation of the sample relative to the incident light. The probe was mounted in a precision single-arm stage used to evaluate the sample along the z axis ͑normal to the sample surface͒ and the angle of the incident beam, ⌰, varied from the position horizontal to the sample surface ͑0 deg͒, to the vertical one ͑90 deg͒. The diffracted light was monitored from 400 to 1000 nm at 2 deg increments in the z axis. We estimate diffraction efficiency to be greater than 10% at normal incidence when corrected for loss due to the imaginary dielectric coefficient. 12 The data obtained are shown in
Figs. 3͑a͒ and 4͑a͒. The three observed bands were obtained by rotation of the sample at three different angles in plane. Thus the spectrophotometer is observing a diffraction signature that relates to different scatterer spacing as depicted in Fig. 2 . Periodic arrays of aligned carbon nanotubes appear colorful due to diffraction effects. For this study, an array was prepared using PS with diameter a = 980 nm, the distance between the centers of two neighboring hexagons was about 1 m. The average diameter of the nanotubes was about 100 nm, and their range of lengths was 0.7-1 m ͓Figs. 1͑b͒ and 1͑c͔͒. This honeycomb array of nanotubes is characterized by a unit cell with two lattice vectors shown in Fig. 2 . 13 The first one has length a, and the other c = a / ͱ 3.
If the intrascatterer details were negligible, the diffraction would be determined solely by the structure factor,
͑1͒
which shows that the diffraction experiment "maps" the reciprocal lattice, and thus for our honeycomb structure, a tri- angular diffraction pattern should be observed. This is indeed the case, as demonstrated in Ref. 5 . The Ursell function S͑q͒ is a measure of the structural imperfections, and can be neglected due to the high quality of our arrays. The ͉͗n G ͉͘ is the ensemble averaged Fourier component of the charge density, and describes the relative strength of the peaks. In the case of a honeycomb lattice, Eq. ͑1͒ leads to
͑2͒
where m and n are length components of the reciprocal lattice vector:
shows that when m +2n is a multiple of 3 ͑e.g., for the second and fifth order diffraction spots͒, a strong enhancement of the spot intensity ͑I͒ occurs and it is equal to 4. In any other case I =1. A simple geometrical analysis yields the Bragg diffraction condition,
Figures 3͑a͒ and 4͑a͒ show the measured reflected light intensity plotted versus the incident light beam angle and wavelength for even and odd diffraction orders, respectively. Corresponding theoretical curves from Eq. ͑3͒ are presented in Figs. 3͑b͒ and 4͑b͒ , where circles mark positions of experimental data from plots in Figs. 3͑a͒ and 4͑a͒ , respectively. Based on the optical fiber diameter and the resolution of the diffraction analysis device used to perform, the estimated uncertainty is ±5 deg for the angular measurements.
Wavelength measurement uncertainty is calculated to be 1.02 nm ͓full width at half maximum ͑FWHM͔͒, which takes into account grating geometry: number of detector elements, and slit width. There is clearly an excellent agreement between the experiment and the theory. This analysis ͑based entirely on the structure factor͒ also shows that the response of the arrays is entirely dominated by the interscatterer effects. Thus, the intrascatterer effects ͑e.g., the antenna effects͒ are easily visible only in the random ͑nonperiodic͒ arrays.
The excellent agreement between the structure factor theory and the experimental data extends to the spot intensity behavior as well. The second and fifth order diffraction spots show much higher intensity than all others, as predicted by the theory. The agreement is nearly quantitative, if one accounts for the overall monotonic decay of the spot intensity with order, due to the scatterers' finite size. This intensity analysis, possible only with the use of a spectrometer, distinguishes this work from the earlier attempt. 5 Obtained results confirm the near perfect, long-range ordering in the arrays. These diffraction gratings can be easily fabricated on large substrates, such as 1 -3 in. silicon wafers, with good hexagonal packing and long-range periodicity. They can be built from microspheres only, metallic quasitriangular particles, or carbon nanotubes grown catalytically from the metallic quasitriangles. Optical properties of such diffraction arrays can be tuned in various ways-by changing the microsphere size, type of evaporated material, or length of carbon nanotubes and their diameter.
In conclusion, we have studied light diffraction on honeycomb arrays of aligned metallic carbon nanotubes using spectroscopy in the visible frequency range. The results follow the standard diffraction theory for point scatterers on a honeycomb lattice, with the expected intensity enhancement of the second and fifth order diffraction spots. The diffraction is dominated by the interscatterer effects ͑structure factor͒. 
